Usp5 belongs to the USP family of deubiquitinating enzymes (DUBs), which comprises the largest class of DUBs. We previously reported that loss of Usp5 impairs development of photoreceptors in Drosophila eyes, although the detailed mechanism remained unclear. In the present study, we demonstrate that Usp5 regulates both Notch and receptor tyrosine kinase (RTK) signaling. Loss of Usp5 results in upregulation of Notch signaling and downregulation of RTK signaling, leading to impaired photoreceptor development. Moreover, genetic rescue experiments with the DNA binding protein Suppressor of Hairless or Notch RNAi indicate that they mediate the regulation of RTK signaling by Usp5. The present study provides mechanistic insight into how Usp5 regulates photoreceptor differentiation by Notch and RTK signaling in the Drosophila eye.
The ubiquitin-proteasome system (UPS) is critical for the ATP-dependent degradation of many proteins involved in a variety of important cellular events, including signal activation, cell cycle regulation, chromatin remodeling and gene expression [1] [2] [3] [4] [5] . In this system, both ubiquitination and deubiquitination play essential regulatory roles to maintain protein homoeostasis and dysregulation of UPS has been implicated in a number of diseases, such as neurological disorders and various types of cancer [6] [7] [8] .
Deubiquitination, the reverse step of ubiquitination, is mediated by deubiquitinating enzymes (DUBs) that specifically cleave ubiquitin from ubiquitin-conjugated protein substrates [9] . In humans, there are~90 DUBs [10] , whereas, in Drosophila, 45 DUBs have been found, most of which have human homologues [11, 12] . Despite the large number of Drosophila DUBs identified, little is known about the biological function for most DUBs in vivo, especially during Drosophila eye development.
The development of the Drosophila eye is controlled by the retinal determination gene network, which is regulated by multiple coordinated signaling pathways [13, 14] . Among them, Notch and receptor tyrosine kinase (RTK) signaling are reported to be most critical for eye specification, cell-fate determination and differentiation [15, 16] .
The Notch pathway in Drosophila has only one receptor (Notch) and two ligands (Delta and Serrate) [17, 18] . When a Notch receptor-expressing cell contacts a neighboring ligand-expressing cell, the Notch receptor is cleaved to yield a N-terminal extracellular domain (NECD) and a C-terminal intracellular domain (NICD) [19, 20] . NICD is the activated form of Notch, which subsequently translocates into the nucleus and interacts with the DNA binding protein suppressor of hairless [Su(H)] to activate the transcription of target genes such as enhancer of split m8 gene (E(spl)m8) [21] .
Receptor tyrosine kinase signaling in the Drosophila eye is mainly mediated by two receptors: EGF receptor (EGFR) [22] and Sevenless (Sev) [23] . Activation of EGFR or Sev signaling is triggered by their corresponding ligand Spitz [24] and Boss [23] , respectively, followed by the phosphorylation of Ras/Raf/mitogen-activated protein kinase (MAPK). Phosphorylated MAPK [dual phosphorylated extracellular signal regulated kinase (dpERK)] then translocates into the nucleus, leading to the phosphorylation and degradation of transcription repressor Yan, as well as phosphorylation and activation of transcription activator Pointed to finally turn on target gene expression [23, 25, 26] .
Previous studies found that Notch and RTK signaling can be cooperative or antagonistic at different development stages in the developing eye [15, 16, 27, 28] and investigating how these two important pathways are coordinated is critical to understanding Drosophila eye development. In the present study, we identified Drosophila Usp5 as an important regulator for both Notch signaling and RTK signaling.
Usp5, an 821 amino acid DUB encoded by Drosophila gene CG12082, belongs to the USP family, which is the largest member in DUBs [29, 30] . The highly conserved homolog of Drosophila Usp5 is USP5 in human [31] and Ubp14 in yeast [32] and they all share the same molecular structure, comprising (i) a ZnF UBP domain also known as polyubiquitin-associated zinc finger domain, which recognizes the C-terminal ubiquitin of the polyubiquitin chain; (ii) two UBA domains, which bind the ubiquitin of the polyubiquitin chain; and (iii) a conserved UCH domain, which contains catalytic function [33, 34] . It has been reported that human USP5 is involved in the deubiquitination of unanchored polyubiquitin and an in vitro experiment showed that the suppression of USP5 leads to the accumulation of unanchored polyubiquitin, which would compete with ubiquitinated proteins such as ubiquitinated P53 for proteasomal recognition, causing increased P53 [35] . Similarly, a loss of Drosophila Usp5 results in the accumulation of unanchored polyubiquitin and dysfunction of proteasomal degradation [36] .
We previously reported that the loss of Usp5 reduced the number of photoreceptors, including R8, R3, R4 and cone cells [37] . However, other functions of Usp5 during Drosophila eye development and the mechanism how Usp5 regulates different signaling pathways for photoreceptor differentiation are still largely unknown. In the present study, we aimed to further investigate the function of Usp5 during Drosophila eye development to clarify how Usp5 coordinates photoreceptor differentiation.
Our 
Materials and methods

Genetic stocks
All Fly stocks were maintained at 25°C on standard condition. The Usp5 mutant flies Usp5m/TM6B (the Usp5 9 mutant allele) were generated by P-element hopping as described previously [37] . ywflp; M(3)65FhsGFPFRT2A/TM6B, hs-flp; tubGal4UASGFP/cyo; tub-Gal80FRT2A/TM6B, E(spl)m8-lacZ, UAS-NotchRNAi (BL28981), and ywflp; Act>y+ >Gal4,UAS-GFP were obtained from Bloomington Drosophila Stock Center (Department of Biology, Indiana University, Bloomington, IN, USA). UAS-Su(H)RNAi (THU3490) was obtained from Qinghua RNAi Center (Qinghua University, Beijing, China). Gbe-Su(H)-lacZ is a gift from the investigators of a previous study [38] . UAS-Usp5RNAi (VDRC#17567) was obtained from VDRC. 
Clone analysis and immunostaining
Quantitative RT-PCR
The eye and head discs of third-instar larvae were dissected from control w1118 and Usp5 homozygous mutant lines. Total RNA was isolated using Trizol Reagent (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer's instructions. cDNA was produced using a High Capacity 
Results
Usp5 represses Notch signaling in the developing Drosophila eye
We previously reported that Usp5 is required for Drosophila photoreceptor development [37] and to investigate the underlying mechanism further, we examined signaling pathways critical for photoreceptor development. One of our candidate pathways is Notch signaling, which plays an important role in the specification of photoreceptors [42, 43] . First, we examined the expression of two domains of Notch signaling receptor NICD and NECD. We found that, in wild-type eye discs, both NICD and NECD were ubiquitously expressed (Fig. S1A,B) . However, in Usp5 mutant clones, there was a significant up-regulation of activated form of Notch (NICD; Fig. 1A -A"), with no obvious difference of NECD (Fig. 1B-B") . Moreover, the expression of transcription factor Su(H) was enriched in posterior R-cell clusters and anterior regions of eye disc in wild-type eye discs (Fig. S1C ), whereas its expression was significantly elevated in the Usp5 mutant ( Fig. 1C-C") .
To further analyze the response of Notch signaling in Usp5 mutants, we utilized two Notch signaling reporters Gbe-Su(H)-lacZ and E(spl)m8-lacZ in Usp5 mutants. Gbe-Su(H)-lacZ reporter contains two pairs of Su(H) binding-sites combined with the transcription factor Grainyhead binding-sites fused to lacZ, which is highly responsive to activated Notch [38] . E(spl)m8-lacZ reporter has lacZ controlled by Notch target gene E(spl)m8 enhancer [44] . In wild-type eye discs, Gbe-Su (H)-lacZ and E(spl)m8-lacZ reporters showed lacZ expression in the posterior region of eye discs (Fig. S1D,E) , whereas the activity of both reporters was increased in the Usp5 mutant ( Fig. 1D-E") , confirming the up-regulation of Notch signaling transduction in the developing eye of the Usp5 mutant. As a result, we conclude that Usp5 represses Notch signaling during Drosophila eye development.
RTK signaling cascade is dependent on Usp5 in the developing Drosophila eye
Receptor tyrosine kinase signaling is another important signaling pathway that has been shown to regulate Drosophila photoreceptor development [23, 45] . Because Notch signaling and RTK signaling closely interact during the development of the Drosophila eye, we also analyzed RTK signaling in the Usp5 mutant by measuring the expression of RTK activated MAPK, dpERK. The protein level of dpERK was dramatically reduced in morphogenetic furrow (MF) and posterior regions of eye disc in the Usp5 mutant, indicating a reduced transduction of RTK signaling ( Fig. 2A-A") .
In addition, the expression of Yan, the transcriptional repressor of RTK signaling that is degraded
when RTK signaling is active, was highly increased in the MF (Fig. 2B-B" ) and posterior regions of mutant eye ( Fig. 2C-C" ). Consistently, the mRNA level of Yan was also significantly increased in Usp5 mutants (Fig. 2D ).
To further investigate how Usp5 regulates RTK signaling, we investigated the expression of two RTK receptors, EGFR and Sev, and found that expression of both EGFR (Fig. 2E-E") and Sev (Fig. 2F-F") was reduced in the Usp5 mutant, suggesting that Usp5 may regulate RTK signaling at the receptor level.
Finally, immunostaining of Argos, one of the major downstream target genes in RTK/EGFR signaling [46] , showed decreased expression in Usp5 mutants (Fig. 2G-G" ). In conclusion, we find that RTK signaling cascade is dependent on Usp5.
Su(H) partially mediates the regulation of Usp5 on RTK signaling
Previous studies have indicated that Notch has inhibitory role on RTK signaling during Drosophila eye development [15, 47] . To test whether Usp5 regulates RTK signaling via Notch signaling, we used a MARCM system [40] in which we knocked down Notch pathway component Su(H) in Usp5 mutants using the Su(H) RNAi line.
First, we confirmed the efficiency of Su(H) RNAi line using the flip-out clone technique [41] and the significantly reduced Su(H) expression in GFP-positive eye disc regions confirms that Su(H) RNAi line works as expected (Fig. S2A-A") . We also found that knockdown of Su(H) in wild-type eyes does not affect the expression of NICD but does affect E(spl)m8-lacZ expression (Fig. S2B-C" ), confirming that Su(H) is acting downstream of NICD and Su(H) RNAi leads to a reduction of Notch signaling. Interestingly, there was no significant change of the expression of RTK inhibitor Yan (Fig. S2D-D") by Su(H) RNAi, and both RTK signaling receptors EGFR and Sev, as well as RTK signaling key component dpERK, were unchanged ( Fig. S2E-G") , suggesting that, in wildtype eye disc, knockdown of Notch signaling component Su(H) is insufficient to induce significant change in RTK signaling. We then introduced Su(H) RNAi to our Usp5 mutant line, and observed a significant reduction of Su (H) and Usp5 expression in the Usp5 mutant (Fig. 3A-B") , whereas NICD was not impacted (Fig. 3C-C" ). Compared to Usp5 mutant alone ( Fig. 1  and 2 ), Su(H) RNAi in the Usp5 mutant partially reduced the enhanced E(spl)m8-lacZ reporter activity (Fig. 3D-D" ) and the overexpression of Yan in the eye disc (Fig. 3E-E") . Interestingly, the rescue of E (spl)m8-lacZ and Yan by Su(H) is cell context-dependent in that knocking down Su(H) in Usp5 mutants reduced the expression of both E(spl)m8-lacZ and Yan to a normal level near the MF compared to Usp5 mutant alone (Fig. 3D,E, arrows) . In the posterior region, E(spl)m8-lacZ and Yan remain up-regulated (Fig. 3D,E, arrowheads) , suggesting that Su(H) is only able to partially rescue E(spl)m8-lacZ and Yan. In addition, RTK signaling receptor EGFR, which is repressed in the Usp5 mutant, was rescued by Su(H) RNAi (Fig. 3F-F") , whereas another RTK receptor Sev was partially rescued (Fig. 3G-G" ) and RTK signaling component dpERK was not rescued by Su(H) (Fig. 3H-H") , suggesting that Usp5 regulates RTK signaling partially via Su(H) of Notch signaling.
Notch mediates the regulation of Usp5 on RTK signaling
Because Su(H) RNAi is unable to change RTK signaling in wild-type eye disc, and only partially rescues RTK activity in Usp5 mutants, we designed another rescue experiment with UAS-NotchRNAi in the Usp5 mutant background with the rationale that Notch RNAi may impose a more profound inhibitory effect on Notch signaling than Su(H) RNAi. Because the location of UAS-NotchRNAi is between the gene location of Usp5 and FRT, it is difficult to achieve the recombination of all the three together, and we are only able to get Usp5m-NotchRNAi line without FRT. Accordingly, we performed the rescue experiment on the flip-out system [41] with the ywflp; Act>y + >Gal4,UAS-GFP; UAS-Usp5RNAi/Usp5m (Usp5R-NAi/Usp5m) line.
First, we confirmed that ywflp; Act>y + >Gal4,UAS-GFP; UAS-Usp5RNAi/Usp5m (Usp5RNAi/Usp5m) line phenocopied Usp5 mutant by monitoring the elevated Notch signaling components NICD and Su(H) (Fig. S3A-B") , and also increased RTK inhibitor Yan (Fig. S3C-C" ) and decreased RTK key components dpERK (Fig. S3D-D") . Next, we analyzed the overexpression of UASNotchRNAi alone and found that the level of NICD was significantly decreased as expected, whereas Su (H) was not affected (Fig. S4A-B") . Overexpression of Usp5m-NotchRNAi in Usp5RNAi not only rescued the elevated expression of NICD, but also caused a significant reduction of NICD, whereas Su(H) was still increased (Fig. 4A-C") , suggesting that Notch/NICD is downstream of Usp5, and Usp5 also regulates Su(H) independent of Notch/ NICD.
Furthermore, we found that the expression of RTK repressor Yan was significantly decreased and dpERK was increased when overexpressing UAS-NotchRNAi alone (Fig. S4C-D") . By contrast, when Usp5m-NotchRNAi was overexpressed in Usp5RNAi, Usp5 loss-of-function effect such as increased Yan was not only rescued but indeed mimicled the UAS-Notch RNAi alone phenotype in that Yan was reduced (Fig. 4D-D") . However, dpERK was only partially rescued by Usp5m-NotchRNAi in Usp5RNAi (Fig. 4E-E", arrows) , suggesting that Usp5 may also play a direct role on dpERK.
Combined with a rescue experiment with Su(H) RNAi, we conclude that Notch signaling acts downstream of Usp5 to modulate various components of RTK signaling. Finally, because we previously reported a failure of photoreceptor differentiation in the Usp5 mutant [37], we investigated whether knocking down Su(H) or Notch can rescue the photoreceptor differentiation defects in the Usp5 mutant or Usp5RNAi/Usp5m line, respectively. Consistent with our previous work, Usp5 mutant and Usp5RNAi/Usp5m clone alone both have reduced Elav staining, a marker of all photoreceptors ( Fig. 5A-B") . A rescue experiment using Su(H)RNAi was performed in the Usp5 mutant and we found that, although the expression of Elav was not obviously changed in the Su(H)RNAi flip-out clone (Fig. 5C -C"), the expression of Elav was partially rescued in the Usp5 mutant clone region (Fig. 5D-D" ). By contrast, Elav expression was fully rescued by NotchRNAi (Fig. 5E-E") , suggesting that the regulation of Usp5 on photoreceptor differentiation in the Drosophila eye is mediated by Notch/Su(H) signaling.
Discussion
Usp5 negatively regulates Notch signaling and positively regulates RTK signaling Notch and RTK/EGFR signaling are required repeatedly throughout the development of the Drosophila eye. Notch-mediated proneural enhancement promotes the neural differentiation and Notch-mediated lateral inhibition mediates the specification of all cell types of photoreceptors [42,43,48-51]. In addition, RTK signaling, especially EGFR signaling, is required for the specification of all eye cell fates, except R8 [22, [52] [53] [54] , and it plays an important function in the establishment of eye field, the formation of MF [55] and the regulation of the cell cycle during eye formation [56, 57] . In most cases, RTK/EGFR and Notch signaling are antagonistic to each other, whereas, in certain biological contexts, they synergize [16, 58] . One major finding of the present study is that Usp5 represses Notch signaling ( Fig. 1) and promotes RTK signaling (Fig. 2) in the Drosophila eye, and there is an antagonistic relationship between these two signaling pathways at the photoreceptor differentiation stage.
Notch/Su(H) mediates the regulation of RTK signaling components by Usp5
Our genetic rescue experiments indicate that Usp5 regulates Notch and Su(H) to mediate RTK signaling activity, and we propose two possible ways by which Notch signaling antagonizes RTK signaling in Usp5 mutants.
First, Yan is a target of Notch signaling in the developing eye of Drosophila [47] . Consistently, in Usp5 mutants that have elevated Su(H) (Fig. 1C-C") , transcription of Yan is significantly increased (Fig. 2D ), leading to elevated Yan protein (Fig. 2B -C"). Su(H) RNAi (Fig. 3E -E") and Notch RNAi (Fig. 4D-D" ) both reduce the Yan protein level in the Usp5 mutant, further demonstrating that Notch/ Su(H) mediates the regulation of Yan by Usp5. Interestingly, the rescue of Yan by Su(H) RNAi in Usp5 mutant clones is cell context-dependent in that Su(H) RNAi is only able to reduce its expression in the MF and not in the posterior region ( Fig. 3E -E"), whereas Notch RNAi reduces Yan expression unanimously in Usp5 mutants (Fig. 4D-D Second, RTK receptors EGFR and Sev, as reduced in Usp5 mutants (Fig. 2E-F") , are rescued by Su(H) knockdown (Fig. 3F-G" ), suggesting that Su(H) mediates Usp5 regulation on RTK receptors. However, the detailed mechanism regarding how Su(H) rescues EGFR and Sev requires further investigation.
In addition, activation of Notch has been shown to reduce dpERK [60] . Consistently, we have shown that Notch knockdown in wild-type eye disc increases dpERK expression (Fig. S4D) . However, Notch knockdown only partially rescued dpERK in Usp5 mutants (Fig. 4E-E") , suggesting that Usp5 may also directly regulate dpERK. We also used a model to illustrate how Usp5 regulates Notch and RTK signaling ( In the present study, we found that knockdown of Su(H) cannot rescue the increased phenotype of NICD in the Usp5 mutant, and vice versa. This suggests that Usp5 regulates Su(H) and NICD independently in Drosophila eye. One molecular mechanism explains how Usp5 affects Su(H) and NICD independently: in Usp5 mutants, the ubiquitin conjugated protein(s) of the critical factors of Notch signaling such as ubiquitinated NICD and Su(H) cannot be degraded by proteasome and thus is accumulated. The present study provides a potential candidate gene, although substrates of Usp5 and how ubiquitination/deubiquitination of components of Notch signaling impact eye development still require further investigation.
Usp5-mediated RTK signaling regulates apoptosis
We reported in our previous study that a loss of Usp5 abolished Drosophila photoreceptors as a result of elevated apoptosis and, by rescuing apoptosis in Usp5 mutants, photoreceptor differentiation was rescued [37] . The finding in the present study indicating that Usp5 regulates RTK/Notch signaling provides a possible mechanism explaining how Usp5 represses apoptosis to ensure photoreceptor development.
Receptor tyrosine kinase signaling has been shown to suppress apoptosis in the eye [63, 64] , allowing a permissive environment for cells to adopt appropriate cell fates. Our finding that Usp5 promotes RTK signaling provides the link between Usp5 and apoptosis, which helps with respect to better understanding the multiple functions of Usp5 during eye development. 
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